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To test whether delayed autonomous selfing occurs in
Kosteletzkya virginica, stylar movements, delayed
autonomous selfing, corolla dragging, controlling polli-
nation and autogamy rate were experimentally studied.
The results indicated that delayed autonomous selfing
and corolla dragging occur in K. virginica. Recurvature
of stylar branches lasted until the stigmas touched or
abutted on the anthers at the end of the anthesis day,
only if stigmas did not received pollen from an external
agent. However, recurvature stopped if stigmas
received pollen from an external agent. Delayed
autonomous selfing was due to direct stylar movements
if stigmas touched with the anthers at the end of the
anthesis day, or to the combination of corolla dragging
with stylar movements if stigmas abutted on the
anthers. The results of experimental hand pollinations
indicated that K. virginica has a well-developed capaci-
ty for selfing, because the fruit set of natural and hand
self-pollination were similar to hand cross-pollination.
There were significant differences in the mean number
of seeds per capsule for natural selfing, controlled self-
ing and controlled crossing (F2,57 = 234.877, P < 0.001).
Field observations showed that over 4.00% of flowers
undergo delayed autonomous selfing in the naturalised
population of the study site and that this was closely
related to weather conditions.
If a plant population relies solely on animal vectors to move
pollen among individuals and if pollinators are absent or in
low numbers at certain times or years, individuals that can
facultatively self-pollinate will be at a selective advantage
(Lloyd 1979). This reproductive assurance has been termed
‘delayed’ selfing (Lloyd and Schoen 1992, Sakai 1995)
because self-pollination is delayed until after the opportunity
for outcrossing has passed.
Delayed selfing occurring from two suites of floral mor-
phological traits has been shown to modify the degree of
self-pollination within flowers. Firstly, separation in time of
male and female phases (dichogamy) functions in the same
fashion as spatial separation. The longer the time lag
between the male and female phases, the lower the expect-
ed selfing rate (Bertin and Newman 1993). Secondly, the
proximity of male (anthers) and female parts (stigmas) with-
in a flower will determine how readily self-pollination can
occur. The distance between the anthers and stigmatic sur-
faces (herkogamy) has been positively correlated with out-
crossing rates (Holtsford and Ellstrand 1992, Belaoussoff
and Shore 1995, Karron et al. 1997). Changes in the relative
positions of anthers and stigmas during development
include: (1) the late curling of stylar branches, so that the
stigmatic surfaces touch the anthers or contact pollen
deposited on non-stigmatic areas of the style, as in Hibiscus
laevis (Klips and Snow 1997) and Viola pubescens (Culley
2002); (2) stamens bending upwards late in flowering cause
anthers to collide with the stigma, as in Kalmia latifolia
(Rathcke and Real 1993) and Sanguinaria canadensis (Lyon
1992); (3) stamens progressively elongate towards the
exerted stigma, as in Aquilegia canadensis (Eckhert and
Schaeffer 1998), Collinsia verna (Kalisz et al. 1999) and
many species at the Collinsieae (Armbruster et al. 2002); (4)
stigmas being brushed by the anthers of epipetalous sta-
mens during corolla abscission, termed ‘corolla dragging’
(Dole 1990), as in Lupinus nanus (Juncosa and Webster
1989), Mimulus guttatus (Dole 1990) and Verbascum thap-
sus (Donnelly et al. 1998). Others have found an increase in
self-pollination late in floral life without changes to morphol-
ogy (Ascher and Peloquin 1966, Richardson et al. 1990,
Kalisz et al. 1999).
Delayed selfing is one mode effecting uniparental breed-
ing after the opportunity for outcrossing has passed. It is
selected as long as self-fertilised seeds achieve some fit-
ness, and offers the benefit of selfing without incurring major
costs (Lloyd 1992). Delayed autonomous selfing is consid-
ered as adaptive because it assures seed production when
pollinators are scarce, yet allows outcrossing to predominate
when they are abundant (Klips and Snow 1997).
Kosteletzkya virginica L., a perennial herbaceous plant,
belongs to the Family Malvaceae (Gallagher 1985). The
mature flowers of K. virginica have a staminal column that
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surrounds an exserted synstylous gynoecium with five fused
stigmas. The monodelphous stamens bear 20–30 anthers
united basally with the corolla. Flowers are herkogamous
(stigmas are exsert from the staminal column) and anthesis
only lasts one day. The species is an insect-pollinated plant.
K. virginica has been suggested as a grain crop for sea-
water-based agricultural systems (Islam et al. 1982,
Gallagher 1985, Li and Gallagher 1996). New saline mud-
flats have been increasing every year in Northern Jiangsu,
China. In 1993, we introduced K. virginica into China from
the Halophyte Biotechnology Center (University of
Delaware, USA) as a potential species to improve the soil
and develop ecologically sound saline agriculture (Xu et al.
1996, He et al. 2003). The experimental results in China indi-
cated that it was a successful species for exploitation in tide-
lands. However, it is necessary to improve some important
economic traits such as yield and quality of seeds for K. vir-
ginica, because lower yield and non-uniform seed quality
were observed in unselected populations (Ruan et al. 2003,
He et al. 2004).
Preliminary observations indicated that stigma-anther
separation in K. virginica flowers changed during the day of
anthesis, and that stigmas of style branches touched the
anthers at the end of the anthesis day. The objectives of
this study were (1) to test whether delayed autonomous
selfing occurs in K. virginica; (2) to test whether corolla
dragging occurs in K. virginica; (3) to investigate the repro-
ductive potential of autonomous selfing compared with
hand cross- and self-pollination and (4) to observe the per-
centage of flowers undergoing delayed autonomous selfing
in relation to all flowers in naturalised populations of the
study site.
Materials and Methods
Study species
K. virginica grows in brackish portions of coastal tidal marsh-
es of the mid-Atlantic and southeastern United States of
America. Its natural range is from Louisiana to Florida and
northward along the Atlantic Coast to Delaware (Gallagher
1985, Blits and Gallagher 1990). When plants are about
0.5m high, they begin putting out profuse pink-purple mal-
low-type flowers with 1–7cm across, with a pentamerous
corolla. Flowers appear mid- to late summer through fall.
During the flowering season, each plant produces one to
twenty-five flowers per day. In total each plant produces hun-
dreds of flowers. The fruits are capsules containing 5 seeds,
or rarely 1–4 seeds are produced.
Study site
The study site was located at the Yancheng tideland of
Jiangsu Province in China (E119°27’–120°54’,
N32°34’–34°28’). The annual mean temperature is 14.7°C,
and the monthly mean temperatures in January and July are
0.85°C and 26.8°C, respectively. The annual mean precipi-
tation is 980mm with evapotranspiration of 1 318.3mm. It
has a mean non-frost period of 230 days and annual radia-
tion of 20h24.
Seeds of K. virginica, collected from the College of Marine
Studies of University of Delaware of USA in 1993, were
planted at the study site in 1994. The population growth of
K. virginica has been rapid and currently thousands of indi-
viduals occur in the area. Variation of individual characteris-
tics was big and different genotypes occurred in the natu-
ralised population (Ruan et al. 2003). Field surveys in this
study were performed during 2002 and 2003 in a 2ha plot
planted in 2001.
Greenhouse experiment: stylar movements during
flowering
On 14 March 2002, 480 K. virginica individuals were planted
in an insect-free greenhouse, which seeds were harvested
from the study site in 2001.
To observe the changes in stigma-anther positions during
flowering, 60 flowers from 60 different individuals were ran-
domly selected from the 480 individuals over ten days. The
stylar movements of six flowers were recorded daily and
photographed every thirty minutes from early morning
(05h30) to afternoon (18h00), and in total, 60 flowers were
observed over ten days.
To test the effect of pollination on the stylar movement, 30
flowers from 30 different individuals were randomly selected
from the 480 plants. After the style branches began to
recurve, pollen, from a different individual, or the other flow-
ers or the same flower of the same individual, was deposit-
ed on 1–5 stigmas of the five style branches by hand. The
movement of the pollinated and unpollinated style branches
were recorded.
Greenhouse experiment: delayed autonomous selfing
To test whether delayed autonomous selfing occurs in K. vir-
ginica, 20 of 480 individuals growing in the insect-free
greenhouse were randomly selected and tagged at each
site. Two treatments on each test plant were performed daily
from 14 June 2002: ‘Autonomous selfing’ (1–10 flowers were
left intact with unremoved pollen) and ‘Natural selfing’ (1–10
flowers were emasculated before 06h00 daily).
Previous observations showed that stigmas of some flow-
ers did not touch the anthers at the end of flowering, but
these flowers still set seed, which indicated that corolla drag-
ging occurs. To test the efficacy of corolla dragging in K. vir-
ginica, 5–480 plants, in which stigmas did not touch the
anthers at the end of the anthesis day, were selected. Two
treatments on each plant were performed before the corol-
las closed (about 16h00) daily from 23 June to 30 August
2002: firstly corollas were left intact; secondly corollas were
removed.
At least 200 flowers were selected in each experimental
treatment. Fruits were collected four weeks after each treat-
ment, and fruit set was determined.
Greenhouse experiment: autonomous self pollination
and hand pollination
In order to compare fruit set and seeds per capsule of fol-
lowing delayed autonomous selfing and hand-pollination, 60
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plants were tagged in an insect-free greenhouse. The fol-
lowing pollination treatments were performed: (1) Hand self-
ing: all the flowers produced by 20 randomly selected plants
were hand pollinated using pollen from the same flower; (2)
Hand crossing: flowers from 20 randomly-selected plants
were emasculated in the morning (before 06h00), and hand-
pollinated using pollen from different individuals growing at
least 2m away; (3) Natural selfing: all the flowers produced
by the remaining 20 plants were unmanipulated. The exper-
iment began on 29 May 2002. In subsequent days, hand pol-
linations were performed in the morning (08h00–10h30).
Experimental manipulations lasted until all flowers bloomed,
in total, 16 460 flowers were treated. Fruits were collected
four weeks later, before the seeds had matured, and capsule
formation (fruit set) and seeds per capsule were recorded.
Field survey: percentage of flowers undergoing delayed
autonomous selfing in naturalised populations
To estimate the percentage of flowers displaying delayed
autonomous selfing by stylar movement, 40 plants (20 plants
per year) were tagged in 2002 and 2003. The open flowers
were counted daily in the morning (before 06h30), together
with the number of flowers pollinated by insects before the
afternoon 14h00–18h00 (no corollas of flowers closed before
14h00 and all flowers closed before 18h00). Yellow pollen
deposition on the stigmas is readily observed. During obser-
vation, we stayed about 2m from the flowering plant, to avoid
disturbing pollinators. Observations were made over 90 days’
evenly distributed across 2002 and 2003. The number of
flowers pollinated through stylar movement was determined
by subtracting the number of flowers pollinated by insect pol-
linators per plant. The percentage of the flowers pollinated by
stylar movements in all flowers per 20 plants per day was
determined for each year, and the average percentage
across 45 days per year was calculated.
Results
Stylar movements
The flowers of K. virginica opened fully before 06h00, the
five style branches elongated from the staminal column at
about 05h30–07h00 (Figure 1A). After 07h00, style branch-
es of all flowers recurved. Recurvature was slow from 07h00
to 09h00, and was fast from 09h00 to 11h00 The style
branches were almost vertical to the staminal column line at
10h30–11h30. Thereafter, the stylar deflection continued
until the stigmas abutted on the anthers (Figure 1B) or
touched the anthers at about 15h30 (Figure 1C).
Hand-pollination experiments of one or more stigmas of
five style branches indicated that once pollen was deposited
on the stigma, recurvature of that style branch stopped. This
did not influence the recurvature of style branches with
unpollinated stigmas. Each style branch curvature is regu-
lated independently.
Autonomous selfing
The fruit set from 229 emasculated flowers was zero, which
indicated that K. virginica is not agamospermous. All 234
flowers from the unmanipulated treatment set fruits, indicat-
ing that delayed automous selfing occurred in K. virginica.
Flowers with stigmas abutting the anthers at the end of
flowering set 212 fruits from 213 flowers. Where the corollas
were removed to prevent corolla dragging, only one fruit
matured from 224 flowers (fruit set approached 0%). The lat-
ter may be from pollen accidentally deposited on stigmas of
Figure 1: Changes of stigma-anther separation in Kosteletzkya vir-
ginica. (A) style branches almost located in the prolonged line of
staminal column; (B) stigmas abutted on the anthers; (C) stigmas
touching the anthers
a flower when the corollas were removed. These indicated
that corolla dragging also occurred in K. virginica.
Hand pollination
There were no significant differences in fruits set among the
three treatments (F2,57 = 1.39, P = 0.24, see Figure 2a).
However, there were significant differences in the mean
number of seeds per capsule for natural selfing, hand cross-
ing and hand selfing (F2,57 = 234.877, P < 0.001, see Figure
2b).
Percentage of flowers undergoing delayed autonomous
selfing in naturalised populations
Flowers displaying delayed autonomous selfing by stylar
movements constituted 4.14% (±0.61%, n = 45) and 4.45%
(±0.43%, n = 45) in the naturalized populations of study site
in 2002 and 2003, respectively.
Under natural conditions, if the stigmas of style branches
did not receive pollen by insect pollinators, recurvature of
that style branch began and lasted until the stigma contact-
ed the anthers at the end of anthesis. If 1–5 stigmas of five
style branches were presented pollen by an external agent
(recurvature of that style branches stopped), the other style
branches with unpollinated stigmas still continued to recurve
and touched the anthers at the end of flowering.
Discussion
‘Active’ stylar movements deployed by K. virginica, in which
style branches slowly recurve until the stigmas touch the
anthers, may be defined as ‘flexible change in response to
temporal change’ (Silvertown and Gordon 1989). This move-
ment of floral parts is similar to the stylar movements of H.
laevis and H. trionum of the same family (Klips and Snow
1997, Buttrose et al. 1977). However, the anthesis of each
flower of H. laevis exceeds one day, and delayed
autonomous selfing occurs after one day. The anthesis of
each flower of K. virginica lasts one day and delayed
autonomous selfing occurred within that period. In H. trion-
um, the curvature of the style branches was not only facul-
tative but also reversible, as partially curved styles regained
an erect position after being pollinated (Buttrose et al. 1977).
Moreover, the inhibitory effect of pollen application to H. tri-
onum styles was broadly effective in that application of
pollen to one stigma branch was sufficient to keep the other
branches erect (neither of these phenomena were noted in
K. virginica). Buttrose et al. (1977) interpreted the H. trionum
stylar movements as a mechanism promoting outcrossing
but facilitating selfing if outcrossing fails, citing as supporting
evidence the fact that reversibility of curvature prevents self-
ing subsequent to outcrossing.
Flowers displaying delayed autonomous selfing by stylar
movements comprised over 4.00% in the naturalised popu-
lation of K. virginica of the study site and depended on the
weather conditions. It was lower during sunny periods
(Figure 3) because inclement weather conditions reduced
the pollinator visits. Flowers pollinated by stylar movements
in inclement weather ranged from 10.52–57.50% with a
mean of 23.72% (±2.99%, n = 17), but ranged from
0–13.79% with a mean of 5.57% (±0.84%, n = 23) in fine
weather.
Reproductive assurance, where self-fertilization ensures
seed production when pollinators and/or potential mates
are scarce, is the most longstanding and widely accepted
explanation for the evolution of selfing (Jain 1976, Piper
1984, Yahara 1992, Jarne and Charlesworth 1993,
Holsinger 1996, Barrett 1998, Eckert and Schaefer 1998,
Herlihy and Eckert 2002, Elle and Camey 2003). The
experimental results of hand pollination confirmed that K.
virginica has a well-developed capacity for autonomous
selfing by stylar movement, since fruit set following selfing
was similar to cross-pollination. Accordingly, this species
appears to be ‘facultatively xenogamous’, with herkoga-
mous flowers adapted for outcrossing but equipped with a
delayed autonomous selfing mechanism. Although mecha-
nisms for autonomous selfing in flowers that otherwise
appear adapted for outcrossing have often been interpret-
ed in terms of reproductive assurance, the fertility conse-
quences of autonomous selfing have seldom been exam-
ined in natural populations (Herlihy and Eckert 2002). For
K. virginica, delayed autonomous selfing by stylar move-
ment had an effect on the reproductive assurance, thereby
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Figure 2: Experiments of hand pollination. (a) fruit set. There were
not significant differences in fruit sets among three treatments (F2,57
= 1.39, P = 0.24). (b) seeds per capsule (Mean ± 1 SE). There were
significant differences in the mean number of seeds per capsule for
natural selfing, hand crossing and hand selfing (F2,57 = 234.877, P <
0.001) by one-way ANOVAs
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not increasing pollen discounting, while increasing fecundi-
ty.
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